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Introduction
Industrial and environmental applications of turbulent free shear flows usually require knowledge of mean flow profiles. In the case of turbulent jets, one most often needs to know how the mean flow velocity vector and the jet width evolve with downstream distance. The mean flow velocity vector has a cross-stream component which relates to entrainment. In the aforementioned applications, entrainment is of paramount importance, for example in the effectiveness of heating/cooling by means of impinging jets [1, 2] .
The modern theory of turbulent free shear flows has been initiated by Townsend [3] and George [4] . It is based on hypotheses of self-similar profiles and the equilibrium dissipation scaling whereby the dissipation coefficient is constant. The dissipation coefficient C ε is defined as the ratio of the turbulence dissipation rate to the rate of nonlinear energy losses by the largest turbulent eddies. This latter rate is proportional to the 3/2 power of the turbulent kinetic energy K divided by a length-scale which characterizes the size of the largest turbulent eddies.
Self-similarity is usually justified in terms of loss of memory of inlet/initial conditions, which is why various previous investigations have sought to find self-similar profiles quite far downstream [5] [6] [7] [8] [9] [10] . However, the studies of axisymmetric turbulent wakes in [11] [12] [13] found selfsimilar profiles starting from a downstream distance as close as 10 times the wake generator size. Most industrial and even many environmental applications of turbulent wakes and jets are not concerned with the extremely far downstream flow. This makes the observation of self-similar profiles at closer distances particularly relevant and these distances amenable to theory.
Concerning the other hypothesis of the theory of [3, 4] , the one about the turbulence dissipation scaling, [11, 12] did not find support for a constant C ε in their experiments and numerical simulations of axisymmetric turbulent wakes even at distances of the order of 100 wake generator's size. In fact, the turbulent planar jet investigations in [5, 14] did not find a constant turbulence dissipation coefficient either, even though their measurements extended up to streamwise distances as large as 160 nozzle widths. It may not have been fully clear at the time, but it is becoming increasingly clear now, that deviations from a constant C ε can imply deviations from current textbook scalings of wake/jet widths and centreline mean flow velocities. This is an important point which the present paper offers support for in the particular case of the turbulent planar jet.
Evidence of a new non-equilibrium scaling for C ε in flow regions where it is not constant has been found in turbulence generated by various different types of grids and in axisymmetric wakes [11, 15, 16] , in both forced and freely decaying periodic turbulence [17, 18] and, most recently, in zero pressure gradient turbulent boundary layers [19] . This non-equilibrium dissipation scaling appears to have some universality as C ε is proportional to the ratio of a global Reynolds number to a local Reynolds number in all these cases. For example, in the axisymmetric turbulent wake case, the global Reynolds number Re G is defined in terms of wake generator size and incoming freestream velocity, and the local Reynolds number Re δ is defined in terms of local wake width δ and the square root of the local centreline turbulent kinetic energy K 0 . Explanations for the use of the word 'non-equilibrium' in this context can be found in [15, 18] . It has to do with the unsteady nature of the turbulence cascade in contrast to the statistically steady Kolmogorov equilibrium cascade where the rate of energy input balances the rate of turbulence dissipation instantaneously, a balance which is very often absent. The turbulence cascade is usually studied in terms of the Lin equation in periodic and in homogeneous turbulence [18] . In any incompressible turbulent flow, including periodic/homogeneous turbulence, the turbulence cascade can be studied in terms of the Kármán-Howarth-Monin-Hill (KHMH) equation (see [20] and references therein). evolution of the squared velocity difference (the average of which is a second-order structure function) in any turbulent flow. As shown in [20] , the terms of this equation are extremely intermittent, and in fact some of them even significantly correlated with each other. Cascade intermittency implies local imbalances between energy input rate and turbulence dissipation rate. Studies of cascade intermittency and non-equilibrium are therefore of direct relevance to the turbulence dissipation scaling and, in turn, to basic mean flow profile properties of turbulent free shear flows such as wakes and jets as explained in the next paragraph.
Dairay et al. [11] modified the theory of [3, 4] to take into account the non-equilibrium dissipation scaling and to also make the other assumptions of the theory more realistic and reduce them in number. They developed the theory for the case of the axisymmetric turbulent wake and deduced streamwise evolutions for the mean flow deficit and the wake width which differ from the well-known textbook scalings [3, 21] yet fit experimental measurements well [11] [12] [13] .
In the present paper, we start by describing the theory of turbulent planar jets with particular emphasis on the theory's assumptions and predictions which we then confront with experimental data. To be assessed, the scaling predictions require data for the centreline mean flow velocity, the jet width and the centreline turbulence dissipation rate. To our knowledge, the only previous study with sufficient and reliable experimental measurements of all these three quantities in a turbulent planar jet is the one by Antonia et al. [14] . We therefore use data from [14] and we also use data from the experimental study of [9] which are also relatively rare in that they report streamwise profiles of both mean centreline velocity and turbulence dissipation rate in a turbulent planar jet. However, the data of [9] that we use to study dissipation were obtained for an inlet/global Reynolds number that is six times smaller than that of [14] and this is reflected in the results of our analysis. We carry out our own experiment at an inlet Reynolds number that is about three times larger than that of [9] with measurements that are extensive enough to allow for assessments of various self-similar profiles and various scalings, including the entrainment coefficient's streamwise scaling which also turns out to be related to the turbulence dissipation scaling.
Previous turbulent shear flow experiments where the non-equilibrium dissipation scaling was observed were carried out in flows where the local Reynolds number decreases with downstream distance. In turbulent planar jets, the local Reynolds number Re δ (defined on the basis of the local jet width δ(x) and the square root of the turbulent kinetic energy) increases with downstream distance x from the nozzle exit. It is therefore particularly interesting to see whether the nonequilibrium dissipation scaling C ε ∼ (Re G /Re δ ) m with m = 1 for high enough Reynolds number, and its consequences on the mean flow, also holds in a turbulent shear flow with such 'reversed' circumstances [22, 23] . In the turbulent planar jet flow, Re G is defined on the basis of the inlet velocity U J and the size h of the nozzle exit section (figure 4a). As the paper shows, the theory also has some important implications for the jet entrainment coefficient as well as for the Reynolds shear stress scaling.
In §2, we present the self-similarity theory of turbulent planar jets with particular attention to the assumptions and deductions of the theory. In §3, we revisit the experimental turbulent planar jet data of [9, 14] . In §4, we describe our experimental apparatus and validate our data against previous measurements and in § §5-7, we report the results from our experimental tests of the following section's assumptions and predictions. We conclude in §8.
Mean field theory of turbulent planar jet flow
We apply to the turbulent planar jet flow the Townsend-George theory of incompressible turbulent free shear flow [3, 4] as revised by Dairay et al. [11] . This theory is based on the thin shear layer approximation of the high Reynolds number Reynolds-averaged streamwise momentum balance where U and V are the mean flow velocities in the streamwise (x) and cross-stream (y) directions, respectively (figure 4a), and R xy is the corresponding Reynolds shear stress (average of the product of streamwise and cross-stream fluctuating velocities obtained from a Reynolds decomposition involving the mean flow velocities U and V, respectively). These two equations combined lead to re-writing the streamwise momentum balance as follows:
In all three versions of the Townsend-George theory [3, 4, 11] , one starts by making the assumption that U(x, y) is self-similar, i.e.
where u 0 (x) is the centreline and therefore maximum streamwise mean flow velocity at streamwise location x, and δ = δ(x) is a measure of the jet width which we take to be
(2.5)
Integrating equation (2.3) over y across the jet and using the self-similar form of U(x, y) (equation (2.4)) leads to
The constancy of u 2 0 (x)δ(x) (equation (2.6)) in conjunction with the continuity (equation (2.2)) of the planar mean flow, the self-similar form of U(x, y) (equation (2.4)) and V(x, 0) = 0 imply that V(x, y) is also self-similar, i.e.
and that v 0 and u 0 are related by
where α ∼ dδ/dx is the entrainment coefficient [24] . Use of equation (2.3), the constancy of u 2 0 (x)δ(x) (equation (2.6)), the self-similar forms of both U and V (equations (2.4) and (2.7)), and R xy (x, 0) = 0 then imply that R xy is self-similar too, i.e. 9) and that the x-dependence of R 0 is given by R 0 ∼ u 2 0 dδ/dx. To close the problem and obtain explicit x-dependencies of u 0 , δ and v 0 , [3, 4] used the equation for the turbulent kinetic energy K,
where P, T and ε stand for turbulence production, transport and dissipation, respectively. At this point, the approaches of [3, 4, 11] diverge in the detailed assumptions they make. A summary of the different assumptions is given in table 1. We follow [11] and assume self-similarity of ε, K and P + T (as this allows us to circumvent the need to consider a specific form for P for the reasons Table 1 . Summary of the assumptions made in [3, 4] and the present theory which has been adapted for planar jets from [11] . The first row lists the quantities assumed to be self-similar. The second row gives the scaling assumed for the centreline turbulence dissipation rate. The third row states whether an approximation is or is not made for the production term. And the fourth row states if an assumption is or is not made concerning the centreline Reynolds shear stress. Notation: u is the RMS streamwise (x-direction) turbulent velocity and v is the RMS cross-stream (y-direction) turbulent velocity. pointed out by Dairay et al. [11] ) and we write the first two terms as
a relation which was also obtained by Townsend [3] and George [4] . This procedure adds the extra constraint equation (2.13) and two further unknowns (K 0 and D 0 ) to our already four unknowns u 0 , v 0 , δ and R 0 and three constraints R 0 ∼ u 2 0 dδ/dx, u 2 0 δ = const. and v 0 ∼ u 0 dδ/dx. We therefore have four constraints for six unknowns and, in general, we cannot proceed without two additional constraints to close the problem.
The one notable exception, as pointed out by Dairay et al. [11] , is when the non-equilibrium dissipation scaling can be invoked, namely
In this case, the single additional hypothesis D 0 ∼ (Re G /Re δ )K 3/2 0 /δ suffices to close the problem without further additional assumptions (m = 1 case in table 1) and one obtains
and
from u 0 dδ/dx ∼ U J h/δ and u 2 0 δ = const. in terms of two dimensionless coefficients A and B and a unique virtual origin x 0 . It follows that the entrainment coefficient α is not constant but depends on x as α ∼ dδ/dx = (2B/3)((x − x 0 )/h) −1/3 . This is a very different entrainment behaviour from the classical situation where α is independent of x.
To retrieve both the classical and more general scalings, we follow [11] and consider the general dissipation scaling
where the special case m = 0 corresponds to the classical equilibrium scaling used in the approaches of [3, 4] . The theory is not conclusive without an additional assumption when m = 1 so we adopt Townsend's assumption that K 0 and R 0 have the same dependence on x, i.e. K 0 ∼ R 0 [3] . This assumption has been justified by a concept of constant anisotropy introduced in [11] (which the reader might want to contrast to a different approach in [25] ). The theory becomes conclusive Table 2 . Summary of the planar jet scalings obtained by Townsend [3] and George [4] and by the present version of the theory for m = 1 (see equation (2.16) ). The present version of the theory leads to the same scalings as [3, 4] if m = 0. 
which, in the classical equilibrium case m = 0, leads to 2a = 1 and α independent of x as predicted by Townsend [3] and George [4] and as reported in textbooks (e.g. [21, 26] ). It is worth mentioning that there is a basic physical reason why m should be restricted between m = 0 and m = 1. It follows from equation (2.16) and
The range of outer to inner turbulence scales, and δ/λ in particular, cannot decrease with increasing Reynolds number. The value of m cannot therefore be larger than 1 because this range would then decrease with increasing Re δ , and it can also not be smaller than 0 because this range would then decrease with increasing Re G .
The scalings obtained for two different values of m are summarized in table 2. The classical equilibrium scalings [3, 4] correspond to m = 0; the high Reynolds number non-equilibrium scalings correspond to m = 1. It is worth pointing out that the entrainment coefficient α obeys 20) and that it is constant only in the classical equilibrium case where m = 0. We stress that the virtual origin x 0 is the same in equations (2.17), (2.18) and (2.20) because u 0 (x) and δ(x) pertain to the same self-similar statistic, the mean flow and because u 2 0 δ = const. In the next section, we revisit the experimental turbulent planar jet data of [9, 14] by paying particular attention to the fact that the virtual origin x 0 must be the same in all power-law dependencies on streamwise distance. 
Centreline data from previous experiments
where the virtual origin x 0 must be the same as the one in equations (2.17) and (2.18) and
It is easy to check that, given our self-similarity assumptions, the turbulent kinetic energy equation (2.10) would not balance if the virtual origins were not the same. Direct numerical simulations (DNSs) of turbulent planar jets do not reach sufficiently high Reynolds numbers and very few laboratory studies report centreline turbulent dissipation
profiles alongside centreline profiles of u 0 and/or δ for turbulent planar jets. The main exceptions seem to be the experimental data of [9] who reported streamwise profiles of D 0 and u 0 (as well as some values of δ but at very few points, not enough for verifying equation (2.18)) and the experimental data of [14] who reported streamwise profiles of D 0 , u 0 and δ at an inlet/global Reynolds number Re G = 42 800 which is about six times larger than the value of Re G in [9] . We now analyse these data by first identifying the single virtual origin which returns best fits to the streamwise scalings of the available quantities.
(a) Deo et al. [9] A fundamental condition to be respected for the validity of the turbulent planar jet theory in §2 is that the virtual origin used in equations (2.17)-(3.1) must be unique (even though the numerical value may vary depending on the upstream plenum conditions). In the case of [9] , we can only test the streamwise distance dependencies of equations (2.17) and (3.1), and this up to x/h = 160 which is the location of their furthermost measurements. For values of m ranging between m = 0 and m = 1, we set the corresponding exponents a given by equation (2.19 ) and find the virtual origin x 0,A which returns the best fit of the data to equation (2.17) in the range 10 ≤ x/h ≤ 160 (reasonable different choices of the lower bound of this range do not modify the results appreciably). In this way, we obtain a value of x 0,A for each a which we plot in figure 1a. We apply the same procedure to the dissipation data provided by Deo et al. [9] and obtain different virtual origins x 0,E which return a best fit to equation (3.1) for different values of γ corresponding to values of m between m = 0 and m = 1. In figure 1a, we plot x 0,E versus a, given that γ is a function of a and m via equation (3.2) and that a and m are related by equation (2.19) . The virtual origin x 0 must be such that x 0 = x 0,A = x 0,E and the only exponent a where this happens is a = 0.42 which corresponds to m = 0.2353 (see equation (2.19) ). These values of a and m are different from the classical ones, a = 0.5 and m = 0, but they are also different from the non-equilibrium exponents a = 1/3 and m = 1.
In figure 1b, we plot u 0 /U J versus x/h with the classical fit (x − x 0 ) −0.5 and in figure 1c we plot D 0 h/U 3 J versus x/h with the classical fit (x − x 0 ) −5/2 (γ = 5/2 for m = 0). We have chosen the same x 0 for these two fits, half way between x 0,A ≈ 0.65 h and x 0,E ≈ −1.95 h which are the values for a = 0.5 in figure 1a. We compare these fits with (x − x 0 ) −0.42 and (x − x 0 ) −2.42 where x 0 ≈ x 0,A ≈ x 0,E ≈ 0.5 h, as this is the case where a single virtual origin does exist.
It may be argued that the fits in figure 1b,c are slightly better for the classical exponents a = 0.5 and γ = 2.5, but the fits with a = 0.42 and γ = 2.42 are not bad either and they are obtained with a consistently optimal virtual origin whereas those for a = 0.5 and γ = 2.5 are not. If the only theoretical option was a = 0.5 and γ = 2.5 one might have been able to conclude that the data of [9] fit this option well and perhaps overlook the appreciable divergence between x 0,A and x 0,E . However, now that there are more options available, it becomes more difficult to overlook this difference and conclude.
As already mentioned, the turbulence dissipation scaling equation (2.16) is a key pillar underpinning equations (2.17)-(3.1). However, the data which would be necessary to directly test the validity of equation (2.16) are not in [9] . Furthermore, Dairay et al. [11] show that equation (2.16) appears with m ≈ 1 in axisymmetric turbulent wakes only when the Reynolds number is large enough. Obligado et al. [12] also demonstrated that it is much more difficult to distinguish between different values of m by fitting streamwise mean flow profile data than by directly fitting the dissipation scaling (equation (2.16)) in the case of axisymmetric turbulent wakes. It is therefore important to analyse turbulent planar jet data with inlet Reynolds numbers much higher than those of [9] , where Re G = 7000; it is also important that these data are complete enough to permit checks of equations (2.16)-(2.18) and (3.1). Such data can be found in [14] .
(b) Antonia et al. [14] Antonia et al. [14] report centreline data for u 0 in a turbulent planar jet with inlet/global Reynolds number Re G = 42 800 from x/h = 30 to x/h = 160, and also data for δ from x/h = 12 to x/h = 100. In figure 2a, we plot the virtual origins x 0,A and x 0,B which return the best respective fits of these data to equations (2.17) and (2.18) for values of a ranging between 2/7 (m = 3) and 1/2 (m = 0). The only exponent a where x 0,A ≈ x 0,B is a ≈ 1/3. This is therefore the only exponent a for which the data of [14] can fit both equations (2.17) and (2.18) in a way that respects the momentum flux conservation equation (2.6) .
It is noticeable that the optimal virtual origin x 0,B varies much less with a than x 0,A . This is because the exponent a in the power law (equation (2.17)) is smaller than the exponent 2a in the power law (equation (2.18)). The exponent γ in equation (3.1) is even larger and varies between 5/2 and 7/3 in the range 0 ≤ m ≤ 1 where a varies from 1/2 to 1/3. It is therefore no surprise that the virtual origin x 0,E which optimizes the fit of equation (3.1) to the centreline dissipation data of [14] (10 data points from x/h = 20 to x/h = 160) turns out to be about the same for all values of a between 1/3 and 1/2 and is in fact quite close to x 0,E /h = 5 on average. The quality of this centreline dissipation fit does not vary significantly if x 0,E /h is made to vary between 3 and 7 for any value of a between 1/3 and 1/2. The virtual origin x 0 /h = 7 which optimizes both power-law fits equations (2.17) and (2.18) in the case a = 1/3 (i.e. m = 1) is also effectively optimal for the fit of equation (3.1) with γ = 7/3 (i.e. a = 1/3, m = 1) to the centreline dissipation data of [14] . No other exponent a, or equivalently m, can achieve an optimally good fit of the data of [14] to all three power laws equations (2.17), (2.18) and (3.1) with one single virtual origin In figure 2b,c and d, we plot streamwise profiles of u 0 /U J , δ/h and D 0 h/U 3 J , respectively, using the data of [14] . The dashed lines show fits of these data to the classical power laws which correspond to m = 0, all with the same virtual origin x 0 as must of course be the case. However, given the wide difference between x 0,A and x 0,B (figure 2a) for m = 0, i.e. a = 0.5, the single virtual origin x 0 in all figure 2b-d has been chosen to be midway between x 0,A and x 0,B . In figure 2b-d, we also plot the fits corresponding to the non-equilibrium power laws (continuous lines) which correspond to m = 1. In this case, the virtual origin is unambiguous and naturally the same for all the plots as this is the only case where the data of [14] are best fitted with one same virtual origin for all three quantities u 0 , δ and D 0 . The comparison between the equilibrium (m = 0) and non-equilibrium (m = 1) fits of u 0 does not help to conclude on the superiority of one scaling over the other; however, the non-equilibrium fits of δ(x) and D 0 (x) are both clearly superior to the equilibrium fits of these two quantities. All in all, the data of [14] seem to favour the nonequilibrium power-law dependencies on streamwise distance and we now use further data from their paper for a direct check of the non-equilibrium dissipation scaling which underpins the non-equilibrium fits in figure 2b-d.
Antonia et al. [14] also provided centreline streamwise profile data in the range 20 ≤ x/h ≤ 140 for the RMS turbulent velocity u normalized by u 0 , i.e. u /u 0 , and for D 0 δ/u 3 0 . It is therefore [14] where Re G = 42 800 (red triangles)). The green triangles are The largest difference between two values of C ε Re δ in this range is 15% of the mean of C ε Re δ (over the same range), whereas it is 46% for C ε ; these largest differences become 17% and 30%, respectively, if the point at x/h = 50 is excluded. In the range 60 ≤ x/h ≤ 140, these percentages are even more convincing as they are 4.7% and 30%, respectively. The data of [14] support C ε Re δ = const. (i.e. m = 1) rather than C ε = const. (i.e. m = 0) quite clearly in the range 40 ≤ x/h ≤ 140. There are of course two potential caveats in this conclusion both of which result from the fact that the measurements of [14] were taken with single hot wire anemometry. Strictly speaking, C ε should be defined as C ε ≡ D 0 δ/K 3/2 0 rather than C ε ≡ 2D 0 δ/(3u 3 ) and all fluctuating velocity gradients should be accessed for a measurement of ε which does not rely on assumptions. Antonia et al. [14] used the isotropic approximation of ε which is accessible with single hot wire measurements and therefore relied on the assumption of small-scale isotropy. These issues are addressed in the following section and in §5.
In the following section, we describe our turbulent planar jet experiment and validate it against previously published data. We take hot wire anemometry (HWA) measurements with both single and cross wires and investigate the validity of the assumptions and predictions of the theory described in §2. Our measurements do not extend beyond x/h = 54, but we do measure and report in § §5-7 profiles of U, V, R xy , K and ε. Our global/inlet Reynolds number is Re G = 20 000 and therefore nearly three times larger than Re G = 7000 in [9] . It is also about half the value of Re G in [14] , and the factor 2 between our Re G = 20 000 and the Re G = 42 800 of [14] can help us assess the universal non-equilibrium expectation that the constant in C ε · Re δ = const. is in fact proportional to Re G , in full agreement with m = 1.
Experimental apparatus and measurements
Our planar jet flow is generated using a centrifugal blower which collects air from the environment and then forces it into a plenum chamber. In order to reduce the inflow turbulence intensity level and remove any bias due to the feeding circuit, the air passes through two sets of flow straighteners before entering a convergent duct (having area ratio equal to about 8). At the end of the duct, there is a letterbox slit with aspect ratio s/h = 31 and h = 15 mm (figure 4a). at the jet exit (x = 0), the two longest sides of the slit are filleted with a radius r = 2 h (figure 4b), following the careful recommendation by Deo et al. [27] . The jet exhausts into ambient air and is confined in the spanwise direction by two perspex walls (figure 4b) of size 100 h × 100 h placed in x-y planes. The aspect ratio s/h = 31 is sufficiently large to ensure that the flow can be considered planar as documented in the published literature (e.g. [5, 28] ). Furthermore, the effect of the boundary layer which develops on the bounding perspex walls is estimated to affect less than 3% of the overall spanwise extent s at 100 h from the jet exit section. The jet rig is located in a room much larger in all directions than the jet width δ at x = 100 h, so that the effects of the ceiling, floor and room walls on the entrainment and development of the jet flow are reduced to a minimum. The inlet velocity U J = 20 m s −1 is set and stabilized using a PID feedback controller which takes as input the thermo-fluid-dynamic conditions of the flow measured by a thermocouple and a Pitot tube. The thermocouple measures the temperature of the working fluid about 5 cm upstream of the letterbox slit in the convergent part of the nozzle, while the Pitot tube is located such that the pressure measurements are carried out within the potential core of the jet flow. These data are acquired using a Furness Control micromanometer FCO510, then manipulated by the in house PID controller which outputs the voltage to be supplied to the blower's driver in order to achieve the desired flow speed. The velocity signal is measured using both one-and two-component hot wires (herein referred to as SW and XW, respectively) driven by a Dantec Streamline constant temperature anemometer (CTA). Considering the large dynamic range that characterizes the planar jet flow, we operate both the SW and XW with an overheat ratio of 1 : 2. Both the SW and XW are etched in house; the sensing length of the wire is ≈ 1 mm, while the wire diameter is 5 µm. For the XW, the separation between the two wires is about 1 mm. Data are sampled at a frequency of 50 KHz using a 16-bit National Instruments NI-6341 (USB) data acquisition card. Each SW measurement lasts for 60 s, which was estimated to be a sufficiently long time for convergence of the turbulent statistics studied here. This was checked by taking longer time SW measurements, up to 2 min at the furthermost investigated location (i.e. x/h = 50) where the integral length-scale is the largest and checking the convergence of the longitudinal integral length-scale L uu (the number of integral scales within a 60 s sampling period is about 30 000 at x/h = 50 and is of course higher at locations closer to the nozzle exit). The acquisition time for XW measurements was increased to 120 s in all cases because they involve the cross-stream velocity which is of the order of 2-3% of the streamwise velocity.
Cross-stream profiles were acquired with the SW probe from x/h = 0 to x/h = 50 with a 2 h spacing. These measurements were taken for inlet Reynolds number Re G = U J h/ν = 20 000. We ascertained that the jet is indeed planar by also taking measurements at z = ±10 h and verifying that there are no statistical differences between the three sampled values of z. Cross-stream profiles were also taken with the XW probe in order to measure both the crossstream mean velocity component (V) and the relevant component R xy of the Reynolds stress tensor, for the same inlet Reynolds number. Cross-stream profiles were measured at 10 different streamwise locations ranging from 14 h to 54 h. The probe displacement through the flow field is ensured by a high precision traverse system controlled by a in-house driving system. We verified that no significant differences exist between SW and XW measurements of same statistics.
The SW calibration is performed by fitting data acquired at seven different inlet speeds (ranging from 0 to 100% of U J ) with a 4th-order polynomial curve. For the XW, a similar procedure is applied with the additional introduction of nine angles of the probe with respect to the streamwise direction (in the x-y plane), ranging from −30 • to 30 • . This range of angles was chosen on the basis of previous planar jet investigations, e.g. [29] , and by checks done with a wider range of angles (i.e. ±35 • ). Both for the SW and XW cases, particular care was paid to the temperature drift of the probes over the test time. We performed the calibration repeatedly during the test and interpolated the calibration constants over time to reduce this effect to a minimum.
The uncertainty on the SW and XW data was reduced to a minimum by repeating many times the experiments. Data showing substantial variation in the mean flow (larger than 1%) were automatically discarded.
The velocity spectra E uu (of the streamwise fluctuating velocity) and E vv (of the crossstream fluctuating velocity) provide information about large-and small-scale resolution of our measurements as well as presence of coherent/periodic structures. The computation of the velocity spectra is performed by subdividing the velocity signal into 50 Hanning windows with 75% overlap, then averaging over them. The convergence of the velocity spectra is ensured by the fact that we manage to resolve, at least in the range of streamwise distances of highest interest for the present investigation (namely from 15 to 50 nozzle slits in the streamwise direction), both the large and the small scales. Figure 5a is a plot of E uu on the jet centreline region 6 ≤ x/h ≤ 50. Data are plotted against the longitudinal wavenumber on the basis of the Taylor hypothesis (k = 2π f /u 0 , where f stands for frequency) multiplied by the Kolmogorov lengthscale η ≡ (ν 3 /ε) 1/4 . The temporal resolution of the wire is not enough to resolve the dissipative scales immediately past the potential core. However, in the region of major interest for the present study, namely x/h > 18 as established in the following sections, the small scales are resolved sufficiently well. The large scales are also well resolved given the small wavenumber plateau in figure 5a. As the streamwise distance increases, the increasing value of E uu at low wavenumbers is due to the increase of the longitudinal integral length-scale L uu given that L uu = E uu (0)u 0 /(4u 2 ) [21] . Similar observations and comments can be made for the cross-stream spectrum E vv . We plot the lateral velocity spectra E vv calculated along the jet centreline against kδ rather than kη in figure 5b to bring out the fact that the peak in this spectrum scales with δ(x). A peak can clearly be spotted at kδ ≈ 1, corresponding to f δ/u 0 ≈ 0.16 (in agreement with [9] ), at all investigated centreline streamwise distances. These peaks must be associated with jet coherent structures.
The estimate of the turbulent dissipation rate ε is obtained from its isotropic surrogate, i.e. ε ISO = 15ν(∂u /∂x) 2 , by integrating the one-dimensional spectrum E uu following:
where u is the streamwise turbulent fluctuating velocity. We also follow [14] and chose to estimate ε from ε iso rather than from XW data because of the better resolution of the SW data. This choice is supported by the DNS results of [30] at Reynolds number Re G = 3000, which show that along the centreline there is only a 3% difference between ε from ε iso , and that this difference slightly rises at the location of the jet shear layer to no more than 10%. The DNS calculations of [30] were limited to a streamwise distance x/h = 12, and it is therefore reasonable to expect the correspondence between ε from ε iso to improve at higher Re G and higher values of x/h given that the local Reynolds number and the Kolmogorov length-scale increase with downstream distance (e.g. [5] ). Hence, the DNSs of [30] support our centreline dissipation measurements and those of [14] which were obtained from SW data by using ε = ε iso to infer ε. We use our SW dissipation measurements in §5 to establish the turbulent dissipation scalings.
In figure 6 , we plot Re λ ≡ (u λ/ν) as a function of x/h, where the Taylor length λ is obtained from ε iso = 15νu 2 /λ 2 . Note that Re λ is larger than about 200 and increases with x/h in the range 10 ≤ x/h ≤ 50 for our data. The DNSs of [17, 18] have shown that non-equilibrium dissipation scalings such as equation (2.16) with m = 1 are well defined for values of the Taylor length Reynolds numbers Re λ larger than about 100-200. Incidentally, assuming that K 0 has the same dependence on x as u 2 on the centreline (as is partly supported by figure 9a), the dependence of Re λ on x is a power law Re λ ∼ (x − x 0 ) β where β = 1/3 for the non-equilibrium scaling and β = 1/4 for the classical scaling. Data from the present investigation, from [10, 14] are compared to these scalings in figure 6 with virtual origins x 0 selected as described in §3. Compensated data are plotted in figure 6c which shows that the non-equilibrium scaling is at least as good as the classical one, and perhaps marginally better at the higher Reynolds numbers (top and middle subplots) if we recall that x 0 = x 0,A = x 0,B in the non-equilibrium case only.
The other use that we make of our dissipation measurements is to demonstrate selfsimilarity of dissipation cross-stream profiles. In §6, we obtain such profiles for both ε iso and ε XW = ν(3(∂u /∂x) 2 + 6(∂v /∂x) 2 ) (where v is the cross-stream turbulent fluctuating velocity) and provide support for self-similarity of both.
For dissipation calculations, a 4th-order Butterworth filter was applied to the signals with cutoff frequency such that k max η ≈ 1.3, where k max is the maximum longitudinal wavenumber.
(a) Comparison with previously published data
We now compare, in figure 7a,b, our data for the centreline mean flow velocity u 0 and the jet width δ with data in the published literature. We also include mean flow, Reynolds shear stress and turbulent kinetic energy profile comparisons in figure 11 . Figure 7a shows the mean velocity u 0 measured along the jet centreline normalized with the inlet speed and plotted as U J /u 0 versus normalized distance from inlet, x/h. Data from the present experiment (continuous line) are compared to different experiments with inlet Reynolds number ranging from values as low as Re G = 1600 to Re G = 30 000 (see legend of figure 7a). Our data compare very well with [5, 9, 31] in the range 10 < x/h < 50, with differences smaller than 3%. At shorter distances, some discrepancies can be detected but these positions are quite close to the potential core, which as discussed at length by Deo et al. [9] depends significantly on inlet Deo et al. [10] Figure 6 . Local Reynolds number (Re λ ) along the jet centreline as a function of the streamwise distance x/h. Re G = 20 000 for the present data. Re G = 42 800 for the data of [14] . Re G = 7000 for the data of [10] . [5, 9, 31] between x/h about 10 and x/h = 50 (except for a data point by Gutmark & Wygnanski [5] near x/h = 10 which is 5% off). Some discrepancies can be detected at distances shorter than x/h ≈ 15, which are not too far from the potential core, the length of which, as discussed by Deo et al. [9] , is a decreasing function of inlet Reynolds number; some small differences (smaller than 5%) can be detected with the data of [29, 32] , which are characterized by a significantly smaller Re G and are in the region x/h ≤ 15. (b) Comparison of the jet width δ(x) defined in equation (7.1) between present measurements and previously published data. Our data compare very well with those of [30, 33] . A larger discrepancy between our data and the data of [33] on the one hand and the data of [9] on the other is detected at x/h = 50. conditions, including inlet Reynolds number. Also, some discrepancies, smaller than 5%, can be detected with the results of [29, 32] in the region x/h ≤ 15. Figure 7b shows a comparison of our measured values of the jet width with those obtained in previous investigations: an extremely good matching can be ascertained through the whole domain, particularly with the experimental data of [33] and the numerical simulation of [30] . Some differences are detected with the data of [9] , but a thorough comparison with their data cannot be carried out given the small number of streamwise locations where they reported jet width measurements (four locations in the range 0 < x/h < 100).
In figure 8a we plot the values of the momentum flux M = +∞ −∞ U 2 dy calculated with data from our planar jet flow as a function of the streamwise distance x/h. This figure supports the view that M is indeed constant for x/h ≥ 15 in our planar jet. With self-similarity (equation (2.4)) also supported by our planar jet data at such streamwise distances (figure 11a), it then follows that our data support the constancy of of caution: [40] have argued that the measured momentum flux can increase above or decrease below its inlet value depending on the angle with which the induced flow enters the jet in an actual experiment.) All in all, particularly in the region of greatest interest for the present investigation (i.e. 20 ≤ x/h ≤ 50), the overall behaviours of our centreline mean flow velocity, jet width and momentum flux data do agree quite well with previously published literature. This agreement extends to the mean flow, Reynolds shear stress and turbulent kinetic energy profiles shown in figure 11 where data from [33] have been included for comparison with ours. The data from [33] are at x/h = 80 which is beyond our furthermost measuring station, thereby bringing additional support to the self-similarity demonstrated in this figure.
Turbulence dissipation scaling
The global/inlet Reynolds number Re G differs by a factor higher than 2 between our data and the data of [14] . Nevertheless, figure 3 shows that our data for C ε Re δ collapse quite closely with those of [14] if C ε Re δ is divided by Re G and is plotted as C ε Re δ /Re G . This is what one would expect from equation (2.16) with m = 1 if the centreline u 2 scales as K 0 . It is known that the ratio of the two transverse RMS velocities v /w is about constant with x/h in most free turbulent shear flows [3] , and it has been confirmed for turbulent planar jets that v 2 /w 2 is indeed constant and in fact very close to unity on the centreline [5, 41] . With our XW measurements, we accessed both u 2 and v 2 , and in figure 9a we plot v /u versus x/h on the centreline. The ratio v /u remains about constant around the value v /u ≈ 0.9 in the range 14 ≤ x/h ≤ 54. It is therefore reasonable to expect the centreline u 2 to approximately scale as K 0 in the jet experiment of [14] and the support for C ε ∼ Re −1 δ in figure 3 provided by their data to actually be support for equation (2.16) with m = 1 in the range 40 ≤ x/h ≤ 140.
We now use our own data to test equation (2.16) . We estimate the centreline dissipation by calculating ε iso on the centreline and the centreline turbulent kinetic energy as K 0 = (1/2)(u 2 + 2v 2 ) given that we can assume v 2 = w 2 on the centreline. We plot the results of these centreline calculations in figure 9b as U J hε iso δ 2 /K 0 and as ε iso δ/K range) of (U J h)ε iso δ 2 /K 0 , whereas it is 74% for ε iso δ/K 3/2 0 . All other values of m between 0 and 1 return fits of our centreline dissipation data for which this percentage gradually decreases from 74 to 30% as m increases from m = 0 to m = 1. For example, this percentage is 50% for m = 1/3, i.e. for (U J h/ √ Kδ) 1/3 ε iso δ/K 3/2 0 which is also plotted in figure 9b. (Note that m = 1/3 corresponds to a = 0.4.) These results therefore support equation (2.16) with m = 1, i.e. the non-equilibrium dissipation scalings. On the basis of our data and the data of [14] we conclude that equation (2.16) with m = 1 is well supported in the region 20 ≤ x/h ≤ 140. Further studies will be needed in the future to explore dissipation scalings in the region beyond x/h = 140.
Given that the turbulence dissipation is determined by the turbulence cascade [15, 18] which occurs over about one turnover time, it is worth checking that the streamwise range where equation (2.16) holds with m = 1 is long enough for the turbulence to evolve by at least a few turnover times over this range. We therefore estimate the number of turnover times, t e , on the centreline as follows:
where the integral is computed along the centreline and x 1 is an arbitrary starting point. Figure 10 , where we plot t e versus x/h, shows that the distance between x = 20 h and x = 54 h corresponds to about three turnover times for the present paper's data.
Self-similarity
Besides the turbulence dissipation scaling (equation (2.16) ), the other assumptions of the theory in §2 which are accessible by our experiment are the self-similarity of the U profile, which implies that the profiles of V and R xy are also self-similar, the self-similarities of the profiles of K and ε, and K 0 ∼ R 0 which is only needed if m = 1. In figures 11 and 12, we plot profiles of these five quantities against the similarity coordinate y/δ normalized by the respective maximum values at each streamwise distance x (V is actually normalized by the innermost maximum value, without loss of generality as long as the profile is self-similar). The turbulent kinetic energy in figure 11d is estimated as K = (1/2)(u 2 + 2v 2 ). The turbulence dissipation is estimated as ε iso in figure 12a and as ε XW in figure 12b . The results support self-similarity of these profiles from x = 18 h to the furthermost streamwise distance of our measurements, i.e. x = 54 h: ε iso and ε XW appear equally self-similar in this range.
In summary, our data support the self-similarities of U, V, R xy , K and ε as well as the dissipation scaling (equation (2.16)) with m = 1 in the range 20 ≤ x/h ≤ 50 (perhaps even 18 ≤ x/h ≤ 50). If we assume that the self-similarities of the U, V, R xy , K and ε profiles extend further downstream, then the validity of the non-equilibrium self-similar theory of high Reynolds number turbulent planar jets may reach till at least x/h = 140 given the results of § §3 and 5. 6  8  10  12  14  16  18  20   22  24  26  28  30  32  34  36   38  40  42  44  46  48 As a final comment for this section, the theory of §2 is inconclusive if m = 1, in which case equations (2.17)- (2.19) are obtained by making the additional assumption K 0 ∼ R 0 . In figure 13 , the ratio of the maximum value of K to the maximum value of the Reynolds shear stress R xy suggests that this extra condition is satisfied for x/h ≥ 25.
Scalings
Having found experimental support for the self-similarity of U and the self-similar behaviours of R xy and V that it implies, we now turn our attention to the George scaling R 0 ∼ u 2 0 dδ/dx [4] . This scaling is also a consequence of the self-similarity of U and it differs in general from the scaling R 0 ∼ u 2 0 that one finds in various textbooks (e.g. [21] ). The theory of §2 makes it clear, however, that one particular instance where dδ/dx is constant and these two R 0 scalings are the same is when K 0 is proportional to R 0 and the centreline dissipation scales as D 0 ∼ (Re G /Re δ ) m K 3/2 0 /δ with m = 0. In other words, if the collapse of R xy /u 2 0 profiles differs from the collapse of R xy /(u 2 0 dδ/dx) profiles (both versus y/δ) and if K 0 ∼ R 0 , then m = 0. Figure 14 shows clearly that R 0 does not scale with u 2 0 , and also provides support for R 0 , we find that (y/δ) in equation (7.1) is larger by a factor 2 or more for all values of y/δ in the classical case compared to the non-equilibrium case. In figure 15a , we also plot DNS data from [30] for comparison, see dashed line. The last scalings of the theory in §2 to be checked are those of the self-similar mean flow profiles, namely the dependencies on x of u 0 and δ, which can also help us assess v 0 (x) ∼ u 0 (x) dδ/dx more closely. The theoretical predictions for u 0 and δ when the dissipation scaling is D 0 ∼ (Re G /Re δ )K 3/2 0 /δ (i.e. m = 1 in equation (2.16) as evidenced by our data and the data of [14] ) are given by equations (2.17) and (2.18) with a = 1/3. These predictions are based on the self-similarity behaviours of U, ε and K which are supported by the experimental results in the previous section. We therefore expect our data to be consistent with equations (2.17) and (2.18) and a = 1/3.
For consistency with the method followed in §3, we first seek the virtual origins x 0,A and x 0,B which, respectively, best fit our u 0 (x) and δ(x) data in the range 18 ≤ x/h ≤ 50. We limit ourselves to this range because our SW measurements do not extend downstream of x/h = 50 and because the non-equilibrium dissipation scaling D 0 ∼ (Re G /Re δ )K 3/2 0 /δ holds downstream of about x/h = 18 or 20. In figure 16 , we plot the resulting x 0,A and x 0,B for different values of the exponent a. Unfortunately, the values of x 0,A and x 0,B are quite close to each other for all exponents a in the range 1/3 ≤ a ≤ 1/2, and there is no clear way to chose a value of this exponent on such a basis. All exponents a in this range can and do return good fits of our u 0 (x) and δ(x) data with a choice of virtual origins x 0,A and x 0,B that are quite close to each other in every case.
We therefore turn to the approach of [13] which is to estimate the two derivatives figure 17 , we plot the resulting values of C 1 and C 2 as functions of a and b respectively. The point of this method is to choose the exponents a and b for which C 1 and C 2 vanish. However, it turns out that both C 1 and C 2 are very close to 0 for any value of a in the range 1/3 ≤ a ≤ 1/2 and any value of b in the range 2/3 ≤ b ≤ 1. The conclusion is therefore the same: any exponents a and b = 2a in the range 1/3 ≤ a ≤ 1/2 can fit our u 0 (x) and δ(x) data equally well in the range 18 ≤ x/h ≤ 50. We have checked that all these good fits can be achieved with values of x 0,A and x 0,B that are close to each other. We stress the point that the exponents a = 1/3 and b = 2a = 2/3, which follow from our definite finding that m = 1, are consistent with our u 0 (x) and δ(x) data. Any other exponents a and b = 2a are not in agreement with m = 1. We therefore set a = 1/3 and b = 2a = 2/3 and determine the virtual origins x 0,A and x 0,B and proportionality constants A and B which provide the best fits of our u 0 (x) and δ(x) data. We plot our data and our non-equilibrium (m = 1) fits in figure 18 and list the values of x 0,A , x 0,B , A and B in table 4. As expected from figure 16, x 0,A and x 0,B do turn out to be very close to each other, as required by the theory. We repeat that one could fit this data equally well with the classical exponents a = 1/2 and b = 2a = 1 implied by equation (2.19) if m = 0, including with virtual origins x 0,A and x 0,B that are very close to each other. The difference is that m = 0 is not supported by our data and by the data of [14] whereas m = 1 is.
We now turn our attention to v 0 /u 0 ∼ dδ/dx, see equation (2.8) . Given that the self-similar behaviours of the five profiles studied here are supported by our data in the range 18 ≤ x/h ≤ 54 and that the dissipation scaling given by m = 1 is in good agreement with our data for values We close this section with a comment concerning turbulent viscosity modelling which assumes R xy to equal −ν T dU/dy. The usual algebraic model for the turbulent viscosity ν T is ν T ∼ u 0 δ [24, 26] , and it returns the scalings reported in equations (2.17)-(2.19) with m = 0 if the mean velocity profiles are assumed to be self-similar. However, in the present case where the data support the non-equilibrium dissipation scaling D 0 ∼ (Re G /Re δ )K 3/2 0 /δ (i.e. m = 1) rather than the equilibrium one (m = 0) and v 0 /u 0 ∼ dδ/dx ∼ (x/h − x 0 /h) −1/3 rather than v 0 /u 0 = const., the turbulent viscosity needs to be ν T ∼ U J h to return the scalings of u 0 and δ which are consistent with these non-equilibrium dissipation scalings and self-similarity. The same holds for axisymmetric turbulent wakes where ν T ∼ u 0 δ needs to be replaced by ν T ∼ U ∞ L B in the presence of the non-equilibrium dissipation scaling [11, 12] , U ∞ being the incoming freestream velocity and L B the size of the wake-generating body.
